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Introduction {#sec001}
============

Leishmaniasis, a neglected tropical disease affecting 350 million people, is prevalent across 98 countries worldwide with higher incidence in tropic and sub-tropical region. Of these, the most severe one, VL has a disease burden of 0.2 to 0.4 million cases with a mortality rate of 20,000 to 40,000 reported per year \[[@pone.0178800.ref001]\]. *Leishmania donovani* complex is constituted by *L*. *donovani*, *L*. *infantum* and *L*. *archibaldi* in Old world and *L*. *chagasi* in New World \[[@pone.0178800.ref002]\]. *L*. *donovani*, the causative agent of Indian VL, is an obligate intracellular digenetic protozoan parasite that alternate between an insect and a mammalian host during its life cycle. It harbours inside the sandfly midgut and the macrophages of the mammalian host \[[@pone.0178800.ref003], [@pone.0178800.ref004]\].

In order to survive and establish a successful infection in mammalian host *Leishmania* parasites scavenge and internalize nutrients obtained from the host. Nevertheless, the host presents several mechanisms to control the infection, one of which is nutrient restriction, also known as nutritional immunity \[[@pone.0178800.ref005]\].

Zinc (Zn), an essential metal, is fundamental for all domains of life. It composes the catalytic and structural centre of large array of proteins that are involved in wide range of physiologic functions including DNA and RNA synthesis, cell growth, protein synthesis, energy metabolism, cellular antioxidant defense, brain development, bone formation, and the immune system function \[[@pone.0178800.ref006],[@pone.0178800.ref007]\]. It is present in all six major functional classes of enzymes and catalytically required for the activity of DNA and RNA polymerases \[[@pone.0178800.ref008]\]. It is also the structural component of many DNA binding transcription regulators where they are required for the proper folding and binding to DNA \[[@pone.0178800.ref009]--[@pone.0178800.ref011]\]. Cellular zinc content and its distribution is strictly regulated, a prerequisite for its regulatory function. 50% of cellular zinc is localized in the cytosol and cytosolic organelles, 30--40% in the nucleus and remaining is associated with membranes or as free ionic zinc \[[@pone.0178800.ref012]\]. Intracellular zinc is either tightly bound to proteins, which is known as the non-exchangeable pool of zinc, loosely bound to proteins, or as free Zn^2+^ are collectively known as the labile intracellular pool of zinc (LIPZ) \[[@pone.0178800.ref013]\]. LIPZ is metabolically important, and the abundance of LIPZ is generally in the femtomolar-picomolar range in many cells \[[@pone.0178800.ref014], [@pone.0178800.ref015]\]. Enzymes or transcription factors can passively acquire Zn from the cytosolic pool. When the zinc quota is reduced, cell growth is stopped and it becomes intoxicated when the zinc burden exceeds an upper threshold level. Interestingly there is a very narrow tolerance range for cytoplasmic Zn and various cells have different machinery to maintain this balance between Zn deficiencies and overload \[[@pone.0178800.ref009], [@pone.0178800.ref011]\]. A lower abundance of LIPZ is associated with impaired DNA synthesis, cell proliferation and in increased apoptosis in many cells \[[@pone.0178800.ref013], [@pone.0178800.ref015], [@pone.0178800.ref016]\].

Zinc is also one of the most relevant and an essential nutrient for parasite replication and infectivity for *Leishmania*. Several essential *Leishmania* proteins are known or predicted to bind Zn. The most prominent example is a Zn metalloprotease known as major surface protease (MSP or GP63) which is a virulence factor implicated in several functions along with parasite development \[[@pone.0178800.ref017], [@pone.0178800.ref018]\]. Zinc also plays a structural role in Glyoxalase II an enzyme of glyoxalase pathway that catalyses the formation of the D-lactate from methylglyoxal, a toxic by-product of glycolysis \[[@pone.0178800.ref019], [@pone.0178800.ref020]\]. Like other eukaryotic cells, it is not very surprising that any fluctuation in the availability of Zn (in excess or depleted) in the extra- or intracellular milieu may affect the cell physiology and survival of *Leishmania* parasite.

In case of *Leishmania*, Zn has shown its potential toxic effect against *L*. *major* and *L*. *tropica* \[[@pone.0178800.ref021]\]. Similarly 1,10-phenanthroline (PHEN), a Zn chelator; has also been shown dose dependent reduction in parasite proliferation in *Trypanosoma cruzi* and *L*. *amazonensis*. PHEN has shown the inhibition of GP63, a Zn-dependent metalloprotease; activity as a mode of killing in *L*. *amazonensis* by their Zn chelating activity as shown by reversal of growth inhibition by addition of Zn \[[@pone.0178800.ref022], [@pone.0178800.ref023]\]. A decrease in association index between PHEN pretreated parasites and mouse peritoneal macrophages have also been reported \[[@pone.0178800.ref023]\].

However, till date no study has been done on *L*. *donovani* to show the effect of Zn on its growth and survival. Here in this study, we showed that depletion of labile intracellular pool of Zn (LIPZ) as induced by the membrane permeable Zn-specific chelator had more profound effect on the growth inhibition of *L*. *donovani* rather than extracellular Zn depletion or Zn supplementation. Moreover, while investigating for the possible mechanism involved in Zn-depletion induced cell death; we found that Zn depletion induced oxidative stress as characterized by increased reactive oxygen species (ROS). Simultaneously, this increase in ROS caused decrease in total intracellular thiol, depolarization of mitochondrial membrane potential resulting into increase in intracellular calcium and release of cytochrome c into cytosol and DNA degradation leading to apoptosis like cell death. Collectively our study reveals, for the first time, the role of Zn in cell survival of *Leishmania* parasite and that any alteration in intracellular labile Zn level activates stress signals leading to cell death.

Materials and methods {#sec002}
=====================

Materials {#sec003}
---------

All the reagents and chemicals were purchased from Sigma Aldrich or otherwise mentioned.

Parasite culture {#sec004}
----------------

Standard reference strain AG83 (MHOM/IN/1983/AG83) of *Leishmania donovani* was used in the present study \[[@pone.0178800.ref003]\]. Parasites were routinely cultured and maintained in M-199 medium containing 100 μg/ml streptomycin, 100 u/mL Penicillin-G and 2 g/L NaHCO~3~ supplemented with 10% fetal bovine serum (Gibco^®^, USA) at 24°C and subcultured after every 72 hr.

Monocyte culture & differentiation {#sec005}
----------------------------------

THP-1 cells, a human leukemic monocytic cell line; were cultured in RPMI 1640 with 10% FBS till 80--90% confluence \[[@pone.0178800.ref003]\]. Then THP-1 cells were cultured on cover slips in 6-wells plates and treated with 25 nM phorbol 12-myristate 7-acetate (PMA) for 72 hr to adhere and transformed into mature macrophage-like phenotype. After incubation, non-adhered cells were removed by washing with pre-warmed RPMI 1640 without FBS and resuspended in complete RPMI and rested for 24 hr. The THP-1-derived macrophages are now ready for further experiment.

Cytotoxicity assay {#sec006}
------------------

3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenylterazolium bromide (MTT) assay was preferred to determine the effect of Zn on cell viability of *L*. *donovani* promastigotes as described previously \[[@pone.0178800.ref024]\]. Log phase *L*. *donovani* promastigotes (1×10^6^ cells/mL) were grown in complete RPMI 1640 media supplemented with 10% FBS in the presence or absence of Zn^2+^ ions by adding different concentrations of intracellular Zn chelator N,N, N\', N\'- tetrakis (2-pyridylmethyl) ethylenediamine (TPEN) (0--15 μM) extracellular Zn chelator Diethylenetriaminepentacetic acid (DTPA) (0--1.5 mM) and Zinc sulphate (ZnSO~4~) (0--2 mM) for 0--72 hr. At 24 hr interval 10μl of 5 mg/mL MTT solution was added to 100 μl of culture in 96-well microplate and incubated at 24°C for 3 hr. After incubations were over formazan crystals were solubilised by solubilisation solution (acidified isopropanol with triton-X 100) and incubated at 37°C for 30 min. The Optical Density (OD) was recorded on an ELISA reader (iMark Microplate Reader, Bio-Rad, USA) at 570 nm and cell viability was determined. Percent cell viability was determined by dividing OD of treated parasite with untreated parasite multiplied by 100.

Cell growth {#sec007}
-----------

To evaluate the effect of Zn chelation and supplementation on the cell growth, 1× 10^6^ cells per mL were grown in fresh RPMI 1640 medium with and without TPEN and ZnSO~4~. The growth of the parasite was assessed by evaluating the cellular density at 0--120 hr by trypan blue dye exclusion method. Viable cells were quantified by counting the number of non-stained cells using Haemocytometer. Results were expressed as mean±SD from triplicates of three independent experiments.

Effect of other bivalent ions on the toxicity of TPEN {#sec008}
-----------------------------------------------------

To evaluate whether the toxicity of TPEN exerted is specifically due to Zn^2+^ ion chelation, promastigotes were treated with different bivalent metal ion salts e.g., ZnSO~4~, CuSO~4~, CaCl~2~, and MgSO~4~ in the presence and absence of 15 μM TPEN for 24 hr. After incubation viability of cells were determined by MTT assay and expressed as percent control viability.

Analysis of reversibility of the effect of TPEN on parasite proliferation {#sec009}
-------------------------------------------------------------------------

1×10^6^ *L*. *donovani* promastigotes in the logarithmic phase of growth were treated with 15 μM Zn chelator TPEN and incubated for 24 and 48 hr. After subsequent incubations, parasites were washed twice with PBS, inoculated in the fresh M199 with 10% FBS, and cell density was determined for 0--120 hr at 24 hr interval by counting with a haemocytometer \[[@pone.0178800.ref025]\]. An additional control of parasites was cultured continuously in the presence of 15 μM TPEN for 72 hr. Three independent assays were carried out in triplicate.

Morphological analysis of promastigotes {#sec010}
---------------------------------------

To determine the effects of Zn depletion/supplementation on the morphology of *L*. *donovani* promastigotes, the parasites were harvested by low-speed centrifugation, washed twice with PBS, fixed in 2% formaldehyde, resuspended in PBS and then observed under 40x objective of microscope (Olympus BX41, USA). Images were processed by Image-Pro express software and adobe photoshop element 10.

Host-parasite interaction study {#sec011}
-------------------------------

To determine the effect of Zn chelation on *Leishmania*-macrophage interaction, promastigotes were treated and infected to THP-1 derived macrophages following the method as described by Lima *et al*., 2009 with minor modification \[[@pone.0178800.ref023]\]. Briefly, stationary phase promastigotes were treated with 7.5 μM TPEN (Zn-depleted) and 100 μM ZnSO~4~ (Zn-supplemented) for 16 hr, washed and resuspended in RPMI 1640 without FBS to maintain the cells in Zn-deficient condition. Viability was checked by mobility and trypan blue staining. THP-1-derived macrophages were then infected for 24 hr with treated and untreated promastigotes at parasite/macrophage multiplicities of 10:1. The unbound parasites were removed by washing with RPMI without FBS. Cover slips were then fixed in absolute methanol, stained with May-Gruenwald giemsa and observed under optical microscope (Olympus, BX41, USA) at 100X with oil immersion. Percent infected macrophage was calculated by counting the number of infected cells as determined by presence of at least single amastigote and parasite load was determined by counting the number of amastigotes per 100 macrophages. Association index was calculated by multiplying the mean number of amastigote per infected macrophage with percent infected macrophages in each group. Each measurement was performed in triplicate and the data was expressed as mean±SD of two independent experiments.

Measurement of labile intracellular pool of Zn (LIPZ) {#sec012}
-----------------------------------------------------

A Change in LIPZ in promastigotes was determined following protocol of Haase *et al*, 2008 with minor modifications \[[@pone.0178800.ref026]\]. Briefly, after individual treatments parasites were harvested and washed thrice with PBS (pH 7.4). Cells were then incubated with 1 μM FluoZin-3AM (Invitrogen, USA) in incubation buffer (25 mM HEPES (pH 7.35), 120 mM NaCl, 5.4 mM KCl, 1.3 mM CaCl~2~, 1 mM MgCl~2~, 1 mM NaH~2~PO~4~, 5 mM Glucose, 0.3% BSA) for 30 min at room temperature. Subsequently, cells were washed twice with measurement buffer (incubation buffer without BSA) and transferred into a 96-well plate at a density of 2×10^6^ cells/ml. The resulting fluorescence was recorded on a fluorescence well plate reader (Agilent technologies, USA) at excitation wavelength of 485 nm and emission at 535 nm. Promastigotes treated with pyrithione/ZnSO~4~ (50/100 μM) and TPEN 50 μM was used to serve as positive and negative control to measure maximum & minimum LIPZ. Changes in the amount of fluorescence detected were considered as change in the LIPZ.

Measurement of reactive oxygen species {#sec013}
--------------------------------------

To measure reactive oxygen species (ROS) treated and untreated parasites were harvested at each time points, washed twice with PBS and resuspended in RPMI (without FBS) with 50 μM cell permeable oxidative fluorescent dye 2\', 7\' dichlorodihydrofluorescein diacetate (H~2~DCFDA) (Sigma Aldrich, USA) and incubated for 30 min at 37°C. ROS was estimated by measuring fluorescence intensity at excitation and emission wavelength of 504 and 529 nm respectively using spectrofluorimeter (Agilent Technologies, USA) as described previously \[[@pone.0178800.ref003]\]. The fluorescence intensity is directly proportional to ROS generated. N-acetyl cysteine (NAC), a ROS scavenger, was used as control.

Determination of reduced thiol content {#sec014}
--------------------------------------

The total intracellular reduced thiol level was measured in deproteinized cell extracts from treated and untreated *Leishmania* parasites by the method as described elsewhere with slight modifications \[[@pone.0178800.ref027]\]. Briefly, the cells were harvested and washed twice with PBS buffer (pH-7.4). Cell pellet was lysed and deproteinized by adding 25% trichloroacetic acid. Cell lysate was then centrifuged to remove denatured protein and cell debris and supernatant was collected. Thiol content in the supernatant was determined spectrophotometrically at 412 nm as 5, 5'-dithio-bis (2-nitrobenzoic acid) (DTNB) derivatives of thiols with 0.6 mM Ellman's reagent (DTNB) in 0.2 M Sodium phosphate buffer, pH 8.0. Data were expressed as mean±SD of three independent experiments in triplicates.

Semi-quantitative RT-PCR {#sec015}
------------------------

Zn-depleted and Zn-supplemented parasites were harvested after 16 hr of incubation. RNA was extracted by using RNeasy^®^ Plus Mini Kit (QIAGEN) and c-DNA was prepared from 2 μg of total RNA using QuantiTect^®^ Reverse transcription kit (QIAGEN) as per manufacturer's protocol. The c-DNAs were then amplified by PCR for thiol metabolic pathway genes using gene specific primers as follows: for gamma-glutamyl cysteine synthetase (γ-GCS), `5’- AGCGATAAACCGCTCGTACTGTGA-3’` (F), `5’- ATGTTGTCAAAGTGCTCCGTGTGC-3’` (R); for trypanothione synthetase (TryS), `5’- TGTCATGAGCGAATGACCAACCGAT-3’` (F), `5’- GCTTGCCATTCAACAAACGTCAGGT-3’` (R); for trypanothione reductase (TR), `5’- AATGAGGACGGCTCGAATCACGTT-3’` (F), `5’- ATGGCGTAGATGTTGTCCACCGAT-3’` (R) using initial denaturation at 94°C for 5 min and 25 amplification cycles (94°C for 30 s, 55°C or 58°C for 30 s, and 72°C for 1 min), followed by a final extension at 72°C for 5 min \[[@pone.0178800.ref028]\]. The products were run on 1.5% agarose gel, stained with ethidium bromide prior to analysis, and visualized and quantified using the Bio-Rad gel documentation system and associated Quantity One software. Alpha-tubulin (α-tubulin) was used as house-keeping gene. Each measurement was performed in triplicates and data was expressed as mean±SD of three independent experiments.

Annexin-V binding assay {#sec016}
-----------------------

Annexin V-FITC staining was performed by Annexin-V-FITC kit (Cayman Chemical, USA) as per manufacturer's instructions. Briefly, after individual incubations, treated and untreated *Leishmania* parasites were harvested, washed twice in PBS (pH 7.2), resuspended in Annexin-V binding buffer followed by addition of Annexin V-FITC and Propidium Iodide (PI). The cells were then incubated in the dark at 25°C for 15 min, washed once with binding buffer and acquired on BD FACS Calibur flow cytometer followed by analysis with Cell Quest software. Parasites showing Annexin V^+^ PI^-^ was considered as early apoptotic, Annexin V^+^ PI^+^ late apototic, Annexin V^-^ PI^+^ necrotic and Annexin V^-^ PI^-^ as healthy cells.

Measurement of mitochondrial membrane potential (Δψm) {#sec017}
-----------------------------------------------------

Changes in mitochondrial membrane potential (Δψm) in *Leishmania* promastigotes was estimated using Tetramethyl rhodamine ethyl ester perchlorate (TMRE) (Sigma Aldrich, USA) dye as described previously by Mesquita *et al*, 2013 with minor modifications \[[@pone.0178800.ref025]\]. Briefly, after 24 hr of incubation, treated and untreated *Leishmania* parasites were harvested, washed with PBS and incubated with 50 nM TMRE dye suspended in RPMI 1640 without FBS for 30 min at RT. After incubation cells were harvested and resuspended in PBS with 0.2% bovine serum albumin and analyzed by BD FACSCalibur flow cytometer at FL-2 channel. A total of 10,000 events were acquired in the region established for parasites. Index of variation (IV) was calculated by equation (MT---MC/MC), where MT and MC are the mean fluorescence intensity of treated and untreated control parasites respectively to quantify alterations in TMRE fluorescence. Depolarization of the mitochondrial membrane was defined by negative IV and hyperpolarization by positive IV values. 10 mM carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), was used as a positive control which dissipates the Δψm.

Measurement of intracellular calcium level {#sec018}
------------------------------------------

Intracellular Calcium concentration was measured by using the fluorescent probe Fura-2-AM (Sigma Aldrich, USA) as described previously by Sardar *et al*, 2013 \[[@pone.0178800.ref029]\]. Ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA), a calcium chelator was used as control. Each measurement was performed in triplicate and the data were expressed as mean±SD for three independent experiments.

Immunoblot analysis {#sec019}
-------------------

*Leishmania* parasites were harvested after 16 hr of incubation and washed once with PBS. Cytosolic and mitochondrial fractions were isolated by the method as described earlier by Gannavaram *et al*., 2008 with minor modifications \[[@pone.0178800.ref030]\]. Briefly, *Leishmania* promastigote cells were washed thrice in MES buffer (20 mM MOPS, pH 7.0, 250 mM Sucrose, 3 mM EDTA) and resuspended in 200 μl MES buffer containing 0.25 mg ml^-1^ digitonin along with 1X protease inhibitor cocktail. The suspension was vortexed vigorously, incubated at room temperature for two minutes and then centrifuged at 10,000 g for 5 min at 4°C to separate mitochondrial fraction (in pellet) from the cytosol (supernatant). The mitochondrial-enriched pellet fraction was then washed with MES buffer and resuspended in 100 μl MES buffer containing 0.25 mg ml^-1^ digitonin, 1% Triton X-100 along with 1X protease inhibitor cocktail incubated for 5 min and then centrifuged at 10,000 g at 4°C for 5 min, clear supernatant was separated as mitochondrial protein fraction. For confirmation of the semi-quantitative RT-PCR data, 30 μg cytosolic fractions collected from Zn-depleted and Zn-supplemented parasites were separated on 12% SDS-polyacrylamide gel, immunoblotted and probed with rabbit polyclonal anti-TryS (1:3000) and anti-TR (1:2000) antibodies \[[@pone.0178800.ref031]\]. For cytochrome-c detection, the cytosolic fractions of all the treated and untreated control parasites were analysed by immunoblotting using rabbit polyclonal anti-cytochrome c antibody (Santa cruz Biotechnology, USA) (1:1000). Alkaline phosphatase-conjugated secondary antibody (1:10000) was used in all cases and β-actin (β-act) was used as an endogenous control. The protein band was visualized by NBT-BCIP staining and expressed as band intensity.

Caspase activity assay {#sec020}
----------------------

To determine the caspase activity of *Leishmania* parasites, a fluorogenic caspase assay was performed using the Caspase DEVD-RC110 substrate (Cayman Chemical, USA) as per manufacturer's instructions. The fluorometric measurement was recorded with a spectrofluorimeter (Agilent Technology, USA) with excitation at 485 nm and emission at 535 nm.

DNA fragmentation assay {#sec021}
-----------------------

DNA fragmentation was assessed by using Cell Death Detection ELISA plus kit (Roche Applied Science, Germany) as per manufacturer's instruction. Briefly, after individual incubations both treated and untreated parasites were harvested and lysed in lysis buffer. The cell lysates were added streptavidin-coated wells and incubated with biotin-conjugated mouse monoclonal anti-histone antibody and peroxidase-conjugated mouse monoclonal anti-DNA antibody. ABTS \[2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid)\] was used as a colour developing reagent to estimate mono- and oligonucleosomes in the cytosolic fractions generated due to DNA fragmentation. Absorbance was measured at 405 nm with a reference wavelength of 490 nm in a Thermo Multiskan EX plate reader. Results were expressed as relative percentages.

Statistical analysis {#sec022}
--------------------

All results were shown as mean±standard deviation (SD) from three independent experiments done in triplicates. Statistical analysis was performed using GraphPad Prism Program (Version 5.0, GraphPad Software, USA). In vitro antileishmanicidal activity, expressed as IC~50~, was determined by non-linear regression analysis. Statistically significant differences among different groups were determined by Student's t test or Kruskal-Wallis Test and Dunn's multiple comparison tests. P--value ≤ 0.05 were considered significant.

Results {#sec023}
=======

Zn is crucial for growth and survival of *Leishmania donovani* promastigotes {#sec024}
----------------------------------------------------------------------------

Zinc plays an important role in several biochemical processes, structural activities and metabolic pathways including gene expression regulation and cell proliferation. Zinc may serve as a regulator of cell fate and its extra- and intracellular level determine if the cell will die or proliferate \[[@pone.0178800.ref032]\]

To determine the effect of Zn in *L*. *donovani* promastigotes, Zn level was altered by either depleting it by adding cell permeable zinc chelator TPEN or cell impermeable chelator DTPA or supplementing the culture medium with zinc in the form of ZnSO~4~. Promastigotes were incubated at different concentrations for 0--72 hr; cell viability was assessed by MTT method and calculated as percent of untreated control. Both Zn depletion and Zn supplementation resulted into dose and time dependent decrease in cell viability ([Fig 1A--1C](#pone.0178800.g001){ref-type="fig"}). However, significant cell death was observed when intracellular Zn was depleted by using TPEN (P\<0.001). The IC~50~ for TPEN was found to be 7.5 μM at 24 hr ([Fig 1A(ii)](#pone.0178800.g001){ref-type="fig"}). In comparison to intracellular Zn depletion, the extracellular Zn chelation by DTPA showed lesser effect on cell viability. Reduced growth of *Leishmania* parasite by Zn supplementation was also observed at higher dose as 1 mM was calculated as the IC~50~ dose. The lower physiological doses of ZnSO~4~ enhanced the cell survival of parasites. From these observations it is evident that alteration in intracellular Zn level caused more pronounced decrease in *Leishmania* viability than extracellular Zn-depletion or supplementation. To elucidate the mechanism of effect of Zn in *Leishmania*, three doses of TPEN viz. 5, 7.5 & 15 μM was selected as treatment doses and 16 & 24 hr as time point for further experiments.

![Effects of TPEN, ZnSO~4~ and DTPA on the viability of *L*. *donovani* promastigotes.\
Parasites were grown in the presence and absence of TPEN (A), DTPA (B) and ZnSO~4~ (C) in RPMI 1640 medium supplemented with 10% fetal bovine serum and percent cell viability was determined at 8, 16, 24, 48, 72 hr by MTT assay. The data represent mean±S.D. from three independent experiments in triplicates. IC~50~ value in TPEN treated parasites were determined by non-linear regression analysis (A ii). \* P\< 0.05, \*\*P\< 0.001, ns Not significant; as compared between different time points in treated promastigotes by Student's t test.](pone.0178800.g001){#pone.0178800.g001}

Zn chelation arrests cell growth and Zn supplementation restores the growth in Zn depleted parasites {#sec025}
----------------------------------------------------------------------------------------------------

To determine the effect of TPEN & ZnSO~4~ on the cell proliferation and cell growth, parasites were treated with different concentrations of TPEN and ZnSO~4~ and cell density was measured at 24 hr interval by counting in haemocytometer chamber. In presence of 5 μM TPEN, promastigotes proliferation was found to be comparatively lower at all time points, whereas in the presence of Zn^2+^ ions alone or in combination with Zn chelator cell proliferation was similar to the untreated control ([Fig 2](#pone.0178800.g002){ref-type="fig"}). However, promastigotes growth was drastically reduced at 24 hr at 7.5 μM and 15 μM of TPEN concentration (p\<0.0001).

![Zinc depletion reduced the cell growth in *L*. *donovani* promastigotes.\
Parasites were cultivated in M199 medium supplemented with 10% fetal bovine serum in the presence or absence of TPEN or ZnSO~4~ for 0--120 hr. Cell proliferation was checked by cell counting daily at 24 hr interval. Bars represent mean±S.D. from three independent experiments. \* P\< 0.05, \*\*P\< 0.001, \*\*\*P\<0.0001, ns Not significant; as compared between different time points in treated promastigotes by Student's t test.](pone.0178800.g002){#pone.0178800.g002}

To evaluate whether the cell death induced by TPEN is specifically due to Zn chelation not due to other divalent metal ions or non-specific toxicity by TPEN, we treated parasites with 15 μM TPEN in the presence or absence of different concentrations of divalent metal ions viz. Zn^2+^, Cu^2+^, Ca^2+^, Mg^2+^ for 24 hr and cell viability was assessed by MTT assay. A significant increase in cell viability (p\< 0.001) was observed when the cells were co-incubated with Zn^2+^. Interestingly Cu^2+^ partially restored parasite growth whereas Ca^2+^ & Mg^2+^ failed to restore the growth in the presence of TPEN ([Fig 3](#pone.0178800.g003){ref-type="fig"}). Thus, the results showed that TPEN triggered cell death in *L*. *donovani* were mainly due to the disturbances in intracellular Zn bioavailability.

![Zinc, not other divalent metal ions; inhibited cytotoxicity of TPEN.\
*L*. *donovani* promastigotes were treated with 15 μM TPEN in the presence or absence of indicated divalent metal cations for 24 hr and cell viability was measured by MTT assay. Results are expressed as cell viability compared to untreated control and represent mean ± S.D. of three independent experiments in triplicates. \* P\< 0.05, \*\*P\< 0.001, ns Not significant; as compared in divalent metal ions treated and untreated promastigotes by Student's t test.](pone.0178800.g003){#pone.0178800.g003}

Parasite proliferation recuperated after treatment with TPEN {#sec026}
------------------------------------------------------------

To determine whether the proliferation capacity of *L*. *donovani* could be recovered after intracellular Zn deprivation, parasites treated with 15 μM TPEN for 24 hr & 48 hr were re-inoculated in fresh M199 medium with 10% FBS and cell density was monitored daily for 120 hr. Promastigotes treated with TPEN for 24 and 48 hr recovered their proliferation ability after being placed in fresh medium ([Fig 4](#pone.0178800.g004){ref-type="fig"}). However TPEN treated parasites showed slightly retarded proliferation during the early stage of growth probably reflecting their re-adaptation period, *L*. *donovani* regain their proliferation ability in fresh medium and more time was taken by treated parasites to reach their stationary phase of growth than untreated control parasites.

![Reversibility in proliferation of *L*. *donovani* after TPEN treatment.\
Parasites were treated with 15 μM TPEN for 24 and 48 hr and then re-inoculated into fresh medium. Cell density was determined at 24 hr interval by counting with haemocytometer. Cell proliferation in untreated and treated parasites was also monitored. Bar represents mean and standard error of three independent experiments. \* P\< 0.05, \*\*P\< 0.001, ns Not significant; as compared between different time points in treated promastigotes by Student's t test.](pone.0178800.g004){#pone.0178800.g004}

Zinc depletion alters morphology in *L*. *donovani* promastigotes and also affects their interaction with host macrophages {#sec027}
--------------------------------------------------------------------------------------------------------------------------

Distinct morphological changes were observed on treatment with higher doses of TPEN. Parasites treated with 7.5 μM and 15 μM of TPEN were substantially reduced in size, became ovoid shaped with cell shrinkage and shortened flagella as compared to untreated control ([Fig 5A, 5C and 5D](#pone.0178800.g005){ref-type="fig"}). However, no change in morphology was observed after incubating promastigotes in 5 μM TPEN and 100 μM ZnSO~4~ supplemented medium ([Fig 5B and 5E](#pone.0178800.g005){ref-type="fig"}).

![Morphological analysis of treated and untreated parasites.\
Parasites were cultivated in M199 medium supplemented with 10% fetal bovine serum in the presence or absence of TPEN or ZnSO~4~ for 24 hr. Cell morphology was analysed at 400X by optical microscopy as described in material and method section. Arrow indicates altered morphological forms in *L*. *donovani* promastigotes.](pone.0178800.g005){#pone.0178800.g005}

Gp63 is a Zinc-dependent metalloprotease, abundantly found on the surface of *Leishmania* parasite. It aids the parasite to interact and adhere with host macrophages and thus helps in successful invasion of host cell \[[@pone.0178800.ref017]\]. To evaluate the effect of Zn^2+^ depletion and supplementation on the interaction between *Leishmania* parasite and host macrophages, we treated parasites with TPEN (7.5μM; Zn-depleted) and ZnSO~4~ (100 μM; Zn-supplemented) for 16 hr and infected THP-1 derived macrophages for 24 hr ([Fig 6A](#pone.0178800.g006){ref-type="fig"}). The sole objective of treating parasites before infecting macrophages was to check whether the Zn^2+^ has any effect on the virulence of the parasites. TPEN, an intracellular Zn^2+^-chelator promoted a decrease in interaction between *L*. *donovani* promastigotes and THP-1 derived macrophages. It was found that the parasite load was decreased by \~ 2.1-fold in macrophages infected with Zn-depleted parasites compared to control (P\<0.001) ([Fig 6B](#pone.0178800.g006){ref-type="fig"}). However, no significant change was seen in parasite load in macrophages infected with Zn-supplemented parasites. Simultaneously, percent infectivity was also decreased in case of macrophages infected with TPEN treated parasites (P\<0.001) ([Fig 6C](#pone.0178800.g006){ref-type="fig"}). Consequently, Zn-depletion resulted into decrease in the association index between TPEN treated parasites and host macrophages. Conversely, treatment of parasites with ZnSO~4~ had no significant effect on the interaction of parasites with macrophages. Furthermore, the Zn^2+^-treated parasites showed an association index similar to the control parasites and approximately \~ 4.5-fold higher than TPEN treated parasites (P\<0.001) ([Fig 6D](#pone.0178800.g006){ref-type="fig"}). Therefore, our results showed that alteration in Zn level regulate the virulence of *Leishmania* parasite as indicated by decreased association index in Zn-depleted parasites compared to Zn-supplemented and control.

![Intracellular zinc depletion decreased interaction between *L*. *donovani* and host macrophages.\
THP-1 derived macrophages were infected with treated or untreated control parasites for indicated time period and intracellular amastigotes were visualized by giemsa staining followed by optical microscopy at 100x (A). The parasite load in infected macrophages was measured by counting the numbers of intracellular amastigotes per 100 macrophages (B). Rate of infection was determined by counting the number of infected macrophages per 100 macrophages (C). Association index was determined by multiplying mean number of amastigotes with percent infected macrophages (D). The data represents Mean±S.D of three independent experiments in duplicates. \* P\< 0.05, \*\*P\< 0.001, ns Not significant; as compared in zinc depleted and zinc supplemented parasites with untreated control parasites by Kruskal-Wallis test with Dunn's multiple comparison test. Arrow indicates intracellular amastigotes in macrophage.](pone.0178800.g006){#pone.0178800.g006}

Treatment of parasites with Zn chelator depleted labile intracellular pool of zinc (LIPZ) {#sec028}
-----------------------------------------------------------------------------------------

The importance of Zn ions in cell proliferation, differentiation and survival is well documented \[[@pone.0178800.ref032]\]. Considering the inhibition of cell growth by zinc depletion and cell survival & proliferation by zinc supplementation in *Leishmania* parasite, the mechanism of intracellular Zn depletion-induced cell death was investigated.

The labile intracellular pool of Zn^2+^ was assayed using Zn-specific lipid soluble, cell permeable fluorescent probe Fluozin-3AM in the form of an acetoxymethyl (AM) ester derivative. This probe forms a 1:1 complex by high affinity binding with Zn^2+^ yielding a good correlation between the labile Zn^2+^ concentration and fluorescence \[[@pone.0178800.ref033]\]. LIPZ was measured by treating parasites at different doses from 0--24 hr. The results showed dose and time dependent flux in intracellular Zn level in TPEN treated parasites ([Fig 7A](#pone.0178800.g007){ref-type="fig"}). LIPZ was reduced in first 0--3 hr as shown by decreased fluorescence intensity of Fluozin-3AM ([Fig 7B](#pone.0178800.g007){ref-type="fig"}) after that increase in LIPZ was observed till 16hr and then Zn level was reduced drastically in 24 hr. This flux in LIPZ was also dose dependent as evidenced by increase and decrease in fluorescence intensity. At IC~50~ (7.5 μM) and 2 × IC~50~ (15 μM) doses fluorescence intensity of Fluozin-3AM was both increased and decreased at different time period (P\<0.001). At TPEN concentrations of 5.0 μM, 7.5 μM and 15 μM there was \~ 1.4, \~ 2.6 and \~ 2.2 folds increase in fluorescence intensity at 24, 16 and 6 hr respectively. However no such fluctuation was observed in Zn supplemented parasites however an increase in LIPZ was observed after 16 hr incubation. Thus the above observations showed that TPEN treatment resulted into depletion of intracellular zinc in *L*. *donovani* promastigotes.

![TPEN treatment resulted into flux of LIPZ in dose- and time- dependent manner.\
Zinc depleted and zinc supplemented *L*. *donovani* was cultivated in RPMI medium for indicated time periods and intracellular labile zinc pool was measured by spectrofluorometry using Fluozin-3AM dye as described in "Materials & methods" section. The data represents Mean±S.D of three independent experiments in triplicates. \* P\< 0.05, \*\*P\< 0.001, ns Not significant; as compared in zinc depleted and zinc supplemented parasites with untreated control parasites by Kruskal-Wallis test with Dunn's multiple comparison test.](pone.0178800.g007){#pone.0178800.g007}

Intracellular Zn depletion increases ROS and downregulates expression of trypanothione synthetic enzymes in *Leishmania* parasite {#sec029}
---------------------------------------------------------------------------------------------------------------------------------

It is reported that zinc deficiency has been associated with oxidative stress in different cells \[[@pone.0178800.ref034]\]. To evaluate the effect of intracellular zinc depletion on generation of oxidative stress in parasites, a cell permeable fluorescent dye H~2~DCFDA was used. This dye upon cleavage by non-specific esterases forms a cell impermeable non-fluorescent dihydrodichlorofluorescein (H~2~DCF) which after being oxidized by intracellular ROS forms a fluorescent compound dichlorofluorescein (DCF). The fluorescence thus generated is directly proportional to ROS level inside the cells. In our study parasites were treated with different doses of TPEN & Zn for 0--24 hr and ROS level was measured. Similar to LIPZ, a dose- and time-dependent flux in intracellular ROS level was observed in zinc depleted parasites when compared to zinc supplemented parasites and untreated control cells. An elevation of \~ 2.7-fold and \~ 4.3-fold ROS was observed in 7.5 μM and 15 μM TPEN treated parasites up to 16 hr (P\<0.001) thereafter ROS level was reduced ([Fig 8A](#pone.0178800.g008){ref-type="fig"}). However when zinc depleted parasites were treated with a ROS scavenger, NAC, the ROS level was reduced to that of control level. Similarly, when zinc chelator treated parasites were co-incubated in the presence of Zn^2+^, no significant increase in ROS level was observed. This result indicates that increased ROS generation due to intracellular zinc depletion might be a reason for reduced viability for Zn-depleted parasites.

![Zinc depletion increases ROS level and downregulates the expression of thiol synthetic pathway enzymes in *L*. *donovani* promastigote.\
Treated and untreated control *Leishmania* parasites were grown in RPMI media for 0--24 hr. Intracellular ROS was estimated using 2,7-dichlorodihydrofluorescein diacetate (H~2~DCFDA) by spectrofluorometry as described in "Materials & methods" (A). The total intracellular level of reduced thiol was estimated spectrophotometrically using DTNB (B). Expression of key enzymes involved in trypanothione synthesis was analysed by semi-quantitative PCR. Cells were harvested, total RNA was extracted, cDNA was prepared and expression of γ-GCS, Try S, TR and α-tubulin were analysed by semi-QRT PCR using specific primers. The amplicons were visualized on ethidium bromide-stained 1.5% agarose gel and photographed in Gel documentation system (C). Cells were harvested; cytosolic fractions were separated by method as described in "materials and methods". The cytosolic fractions were separated on SDS-polyacrylamide gel, immunoblotted and probed with rabbit polyclonal anti-leishmania Try S, TR and β-actin antibodies (D). Relative expressions of enzymes at transcriptional and translational level were analyzed by densitometry (C-D). The data represents Mean±S.D of three independent experiments in triplicates. \* P\< 0.05, \*\*P\< 0.001, ns Not significant; as compared in zinc depleted and zinc supplemented parasites with untreated control parasites by Kruskal-Wallis test with Dunn's multiple comparison test.](pone.0178800.g008){#pone.0178800.g008}

Further, non-protein thiols are important antioxidants which help in maintaining the cellular redox balance \[[@pone.0178800.ref035]\]. A gradual decrease in thiol levels was observed in Zn-depleted parasites (\~ 1.8 & \~ 4.3 fold for 7.5 μM and \~ 2.1 & \~ 7.8 fold for 15 μM TPEN after 16 (P\<0.05) & 24 hr (P\<0.0001) respectively) with increasing time interval, whereas slight increase in thiol level was observed in Zn-supplemented and untreated control parasites ([Fig 8B](#pone.0178800.g008){ref-type="fig"}). This decrease in intracellular thiol in Zn-depleted parasites correlates with increased ROS production leading to decreased parasite survival.

Trypanothione \[T(SH)~2~\], a dithiol, is the major reduced thiol in *Leishmania* parasites essential in defense mechanism against oxidative stress and thus helps in survival of the parasite \[[@pone.0178800.ref035]\]. To validate the above findings we further investigated the expression of enzymes γ-GCS, Try S and TR involved in trypanothione biosynthesis. Transcript abundance of γ-GCS (\~ 2.0 fold), Try S (\~ 2.2 fold) and TR (\~ 2.5 fold) were significantly decreased in Zn-depleted parasites as compared to Zn-supplemented and untreated control parasites (P\<0.05) as assessed by semi-quantitative RT PCR ([Fig 8C](#pone.0178800.g008){ref-type="fig"}).

The expression of Try S and TR was also evaluated at the translational level by immunoblot analysis. A significant decrease in protein level of Try S (\~ 2.7 fold) and TR (\~ 2.3 fold) was observed in Zn-depleted parasites compared to Zn-supplemented parasites (P\<0.05) ([Fig 8D](#pone.0178800.g008){ref-type="fig"}).

Zinc depletion failed to induce phosphatidylserine exposure {#sec030}
-----------------------------------------------------------

Phosphatidylserine (PS) is a phospholipid that is restricted to the inner plasma membrane leaflet under normal condition and translocated to outer membrane leaflet during apoptosis. The externalization of PS is detected by using a Ca^2+^-dependent phospholipid binding protein Annexin-V that preferentially binds PS \[[@pone.0178800.ref036], [@pone.0178800.ref037]\]. To detect externalization of PS we used Annexin V-FITC and PI staining was used for plasma membrane integrity analysis thus differentiating between apoptotic and necrotic cells. No significant differences in Annexin V-FITC^+^ and PI^+^ cells were observed in Zn-depleted, zinc supplemented and untreated control parasites after 24 hr treatment ([Fig 9](#pone.0178800.g009){ref-type="fig"}).

![Zinc depletion failed to induce externalization of phosphatidylserine in *Leishmania* parasite.\
*Leishmania* parasites were treated with TPEN and ZnSO~4~ in RPMI media for 24 hr. The cells were double-stained with Annexin V-FITC and PI followed by analysis by flow cytometry as described in "Materials and methods". Dual parametric dot plots of the Annexin-V/PI assay in different conditions as mentioned were shown in figures. The graphs were plotted and percent annexin V positive Leishmanial cells were represented. The data represents mean±SD of triplicate determinations and are representative of three independent experiments.\* P\<0.05, \*\* P\<0.001, ns Not significant; as compared in zinc depleted and zinc supplemented parasites with untreated control parasites by Kruskal-Wallis test with Dunn's multiple comparison test.](pone.0178800.g009){#pone.0178800.g009}

Intracellular Zn depletion causes mitochondrial dysfunction induced apoptosis like programmed cell death {#sec031}
--------------------------------------------------------------------------------------------------------

As we observed that intracellular Zn^2+^ chelation by TPEN induced morphological changes and reduced cell viability in *L donovani* promastigotes we wanted to investigate the mechanism of TPEN induced cell death. Therefore we investigated mitochondrial dependent apoptotic pathway. Mitochondrial dysfunction and apoptosis are closely associated in trypanosomatids. Dysfunction of mitochondria is often associated with changes in its membrane potential. It is a key indicator of mitochondrial function that maybe either a consequence of or an early requirement for apoptosis \[[@pone.0178800.ref038], [@pone.0178800.ref039]\]. Depolarization of mitochondrial membrane potential (Δψm) is a significant characteristic of apoptosis in *L*. *donovani* \[[@pone.0178800.ref040]\]. Tetramethylrhodamine ethylester (TMRE) is a cell permeable fluorescent cationic dye that accumulates in healthy cells. We observed a decrease in the fluorescence intensity of TMRE in dose- and time- dependent manner in Zn depleted parasites whereas no significant changes in fluorescence was observed in parasites treated with Zn or chelator in the presence of Zn ions **(**[Fig 10](#pone.0178800.g010){ref-type="fig"} **PANEL I A & B)**. Treatment with 5, 7.5 and 15 μM TPEN induced 7, 21 and 38% after 16 hr and 16, 46 & 56% depolarization in Δψm after 24 hr as indicated by their respective index of variation (P\<0.001) **(**[Fig 10](#pone.0178800.g010){ref-type="fig"} **PANEL II A)**. Simultaneously, when parasites were treated with FCCP fluorescence intensity was drastically decreased (P\<0.0001). This result clearly demonstrated that ROS generated due to Zn chelation leads to alterations in mitochondrial membrane potential in *L*. *donovani* similar to the other studies \[[@pone.0178800.ref025], [@pone.0178800.ref041], [@pone.0178800.ref042]\].

![Intracellular zinc depletion causes mitochondrial dysfunction in *L*. *donovani* promastigote.\
**(PANEL I)** Zinc depleted and zinc supplemented *L*. *donovani* was cultivated in RPMI medium for indicated time periods and changes in mitochondrial membrane potential was determined by flow cytometry using TMRE dye. Plots are showing mean fluorescence intensity of TMRE positive cells after 16 hr (A) and 24 hr (B). FCCP was used as positive control for depolarization of mitochondrial membrane potential. **(PANEL II)** Zinc depleted and zinc supplemented *L*. *donovani* was cultivated in RPMI medium for indicated time periods and mitochondrial membrane depolarization was estimated by index of variation (IV) = (MT---MC)/MC, where MT corresponds to the median TMRE fluorescence of treated parasites and MC corresponds to the median TMRE fluorescence of control parasites (A). Intracellular calcium was measured by spectrofluorometry using Fura-2AM dye (B) and level of cytochrome c was checked in cytosolic fractions by western blotting (C) as described in "Materials & methods" section. EGTA was used as control for calcium chelation. Zinc depleted and zinc supplemented *L*. *donovani* was cultivated in RPMI medium for indicated time periods and caspase 3/7 activity was measured by spectrofluorometry as described in "Materials & methods" section. (D). DNA fragmentation was estimated by Cell death detection ELISA as described in materials and methods (E). The data represents Mean±S.D of three independent experiments in triplicates. \* P\< 0.05, \*\*P\< 0.001, \*\*\* P\< 0.0001, ns Not significant; as compared in zinc depleted and zinc supplemented parasites with untreated control parasites by Kruskal-Wallis test with Dunn's multiple comparison test.](pone.0178800.g010){#pone.0178800.g010}

Oxidative stress induces increase in cytosolic calcium level which causes mitochondrial membrane depolarization \[[@pone.0178800.ref040]\]. Treatment of parasites with zinc chelator gradually increased the cytosolic Ca^2+^ in dose- and time- dependent manner as observed by increase in fluorescence intensity of FURA-2AM dye whereas no significant change was observed in zinc supplemented *L*. *donovani* parasites for 0--16 hr. Here, we found \~ 2.1 fold, \~ 2.5 fold and \~ 3.2 fold increase in intracellular calcium at TPEN concentration of 5 μM, 7.5 μM and 15 μM respectively after 16 hr incubation **(**[Fig 10](#pone.0178800.g010){ref-type="fig"} **PANEL II B)**. Furthermore, treatment of parasites with TPEN/Zn and Ca^2+^ chelator, EGTA decreased the intracellular Ca^2+^ to normal level. Therefore, the above findings indicate that ROS generation due to intracellular zinc depletion caused irreparable damage to calcium channels. This damage resulted into the increase in intracellular calcium followed by loss of mitochondrial membrane potential leading to an apoptosis like programmed cell death in *L*. *donovani* parasite.

By apoptotic stimuli cytochrome c, which is localized in the inner mitochondrial membrane space, is released into the cytosol after disruption of the outer mitochondrial membrane. Release of cytochrome-c was measured in cytosolic protein fraction from the parasites treated in the presence or absence of TPEN and ZnSO~4~ for 16 hr using anti-cytochrome c antibody by western blotting **(**[Fig 10](#pone.0178800.g010){ref-type="fig"} **PANEL II C).** Densitometry analysis of the immunoblot showed that cytosolic cytochrome-c was \~ 2.5-fold and \~ 2.1-fold higher in the TPEN (7.5μM and 15μM) treated parasites than in Zn-supplemented or untreated control cells. From the above result it may be concluded that intracellular Zn chelation by TPEN treatment induced the ROS-mediated loss in mitochondrial membrane potential leading to increase in cytosolic Ca^2+^ and release of cytochrome c from the mitochondria into the cytoplasm.

Activation of protease and nuclease follow the disruption of Δψm responsible for dismantling of cells \[[@pone.0178800.ref038]\]. Therefore we investigated the change in caspase-like protease activity due to alterations in Zn level in *L*. *donovani* parasites. However, we did not find any significant activation of caspase-like activity in TPEN and ZnSO~4~ treated parasites as compared to untreated control parasites at any time and dose investigated **(**[Fig 10](#pone.0178800.g010){ref-type="fig"} **PANEL II D)**.

To investigate whether intracellular Zn depletion causes DNA fragmentation in *L*. *donovani* cells, DNA fragmentation assay determining mono- and oligonucleosomes in the cytoplasmic fraction was carried out as described in materials and methods. \~ 2.2-fold and \~ 3.4-fold increase in DNA fragmentation was observed in 7.5 μM and 15 μM TPEN treated cells compared to untreated control parasites at 16 hr and \~ 3.4-fold and \~ 4.4-fold at 24 hr incubation respectively **(**[Fig 10](#pone.0178800.g010){ref-type="fig"} **PANEL II E)**. Furthermore, no significant change in DNA fragmentation was observed in Zn-supplemented and TPEN/Zn-treated parasites compared to untreated control cells.

Discussion {#sec032}
==========

Zinc, being a critical co-factor of many cellular proteins, has a diverse physiological role including regulation of cell proliferation and cell death \[[@pone.0178800.ref043]\]. Cellular zinc homeostasis is tightly controlled and any disruptions threaten cell survival and impair cellular functions. To support essential functions cells tightly control zinc transport into and out of the cell and their distribution within cellular compartments \[[@pone.0178800.ref043], [@pone.0178800.ref044]\]. Cell death has been shown to be induced in many cell types by depleting zinc through culture in zinc-free medium or zinc chelation \[[@pone.0178800.ref015], [@pone.0178800.ref045]--[@pone.0178800.ref047]\].

Our present study demonstrated that the growth and survival of the *Leishmania* parasite is inhibited by the depletion of intracellular Zn. Whereas Zn supplementation alone or along with chelator had no inhibitory effect on survival and proliferation, indicating that the growth and proliferation of the *Leishmania* promastigotes depends on the availability of Zn. The plausible explanation for the decreased proliferation and viability by zinc chelation is due to the presence of Zn as a structural element in the enzymes involved in DNA synthesis, transcription, aminoacyl-tRNA synthesis and ribosomal functions \[[@pone.0178800.ref012]\]. Further to affirm that the TPEN-induced cell death was a consequence of TPEN-induced depletion of intracellular Zn not due to non-specific toxicity by TPEN or other divalent metal ions *Leishmania* cells were treated with TPEN in the presence of Zn^2+^, Cu^2+^, Ca^2+^ and Mg^2+^. Supplementation of parasites with other cations like Ca^2+^, Mg^2+^ alone could not restore the growth of parasites however presence of Cu^2+^ in the medium partially reduces the toxicity caused by Zn chelation and resulted into the partial restoration of growth and survival of the parasites. Therefore, it indicates that Zn is essential for the growth of *L*. *donovani* parasite. Findings of our experiments are in agreement with the previous reports in *Trypanosoma cruzi* \[[@pone.0178800.ref048]\], *L*. *braziliensis* \[[@pone.0178800.ref023]\] and *L*. *mexicana amazonensis* \[[@pone.0178800.ref049]\] which showed that the treatment of these parasites with 1,10-phenanthroline, another Zn chelating compound and metallopeptidase inhibitor reduces the growth and proliferation.

To investigate the effect of TPEN on intracellular labile Zn^2+^ we had determined intracellular Zn^2+^ level by Fluozin-3AM staining that specifically stains labile Zn pool. We observed a dose- and time-dependent flux in labile Zn^2+^ with a rapid decrease in intracellular labile Zn in first few minutes and subsequently increased after TPEN treatment. This flux in intracellular Zn may occur by increased uptake of Zn probably by upregulating the expression of Zn transporter. Recently an upregulation of Zn importer LiZIP3 in the presence of EDTA and TPEN and down regulation in the presence of Zn^2+^ has been reported in *L*. *infantum* \[[@pone.0178800.ref018]\]. This increase in intracellular labile Zn suggested the presence of important mechanism in *L*. *donovani* to cope up with Zn stress induced by intracellular Zn deprivation. However, this rise may also be attributed to the change in the redox state of cell as proposed by Zalewski *et al*, 1994 which states that in the later stages of apoptosis Zn bound to protein sulfhydryls are being released due to ROS generation \[[@pone.0178800.ref050]\]. Interestingly with increasing time the Zn level was further declined which may resulted into the reduced viability of parasites due to intracellular Zn-deficiency. TPEN has been reported to have a very high affinity for Zn which is even greater than that of endogenous zinc binding proteins such as metallothionein, and zinc finger proteins \[[@pone.0178800.ref051]\]. Thus the presence of TPEN, in the culture medium and in cell; blocked the attempts of parasites to maintain zinc homeostasis during the phase of declining intracellular Zn level. No such fluxes or increase in intracellular zinc was observed in Zn^2+^ supplemented parasites during this period and the parasites continued to survive and proliferate. Zinc has been suggested to be a physiological regulator of apoptosis and decline in intracellular zinc has been associated with apoptosis. Several apoptosis inducing agents have been reported to cause a decrease in LIPZ. In cells that are induced to undergo apoptosis there is a decrease in LIPZ initially however during the process of apotosis LIPZ rise. However, this change in LIPZ does not occur in necrosis \[[@pone.0178800.ref043]\]. Thus similar flux in LIPZ in TPEN-treated parasites but not in Zn-supplemented cells has led us to presume the involvement of apoptotic-like programme cell death (PCD) mechanisms in TPEN treated parasites as well.

ROS are considered signalling molecules which activate or regulate crucial components and regulate proteins of the PCD machinery. Thus at any moment the level of intracellular ROS can determine the fate of the cell \[[@pone.0178800.ref052]\]. To elucidate the reason behind reduced growth and viability, we assessed intracellular ROS generation in *L donovani* promastigotes and found that similar to LIPZ, a significant flux in intracellular ROS occurs in Zn depleted parasites compared to Zn supplemented and control cells. Although, nutrient deprivation (such as glucose, amino acid, purines and metals) has been previously shown to induce ROS generation \[[@pone.0178800.ref003]\], to the best of our knowledge this is the first report describing ROS generation due to Zn deprivation in *L*. *donovani*. Previously oxidative stress generation has also been shown in Zn deprived *Candida gaitii* and *Aspergillus fumigatus* \[[@pone.0178800.ref011]\]. Therefore reduced cell viability due to Zn deprivation can be attributed to stress induced by increased ROS generation.

Non-protein thiols, like glutathione and trypanothione; plays an important role in defense against oxidative stress caused by free radicals like ROS \[[@pone.0178800.ref003], [@pone.0178800.ref035]\]. Thus in this study, we have investigated the total intracellular thiol content which is found to be significantly reduced in Zn-depleted parasites compared to Zn-supplemented and untreated control parasites with increasing time. The decreased intracellular thiol level in Zn-depleted parasites is correlated with increased intracellular ROS production leading to decreased parasite survival. These observations prompted us to study the expression pattern of thiol metabolic pathway enzymes. Thus, we have investigated for the expression pattern of three important trypanothione synthetic enzymes namely γ-GCS, Try S and TR. We have found significantly reduced expressions of these enzymes both at transcriptional and translational level. Results of our study were similar to the study by Mandal *et al* \[[@pone.0178800.ref003]\] and Purkait *et al* \[[@pone.0178800.ref028]\] where they have also illustrated that the decreased expression of thiol metabolic pathway enzymes decreases the cell survival in *L*. *donovani* as the parasites were unable to withstand the oxidative stress and undergo ROS-dependent killing.

Zn-depletion did not increases annexin-V fluorescence intensity in treated parasites, indicating no externalization of phosphatidylserine. In contrast we found that Zn-depletion induced severe morphological alterations, LIPZ flux, ROS production and decreased intracellular thiol content. These observations may indicate apoptosis mediated cell death in *L*. *donovani* parasites. Similarly, Britta *et al* also showed that thiosemicarbazone derived from S-limonene caused apoptotic like cell death by oxidative damage and mitochondrial dysfunction in absence of phosphatidylserine exposure \[[@pone.0178800.ref036]\].

Intracellular zinc depletion disrupts normal functioning of mitochondria and may activate the mitochondrial/apoptosome-dependent death pathway as this is critically involved in the activity of several transcription factors and enzymes. \[[@pone.0178800.ref053]--[@pone.0178800.ref057]\]. Many *in vitro* studies on Zn-deficiency induced apoptosis have shown the involvement of intrinsic cell death pathway with the decrease in Δψm followed by release of cytochrome c and activation of caspase enzymes \[[@pone.0178800.ref042], [@pone.0178800.ref051], [@pone.0178800.ref052], [@pone.0178800.ref058]--[@pone.0178800.ref060]\]. The drop of the Δψm marks the point of no-return of a cell conditioned to die \[[@pone.0178800.ref052]\]. Consistent with the above reports, we also found that chelation of intracellular labile Zn pools leads to the activation of the apoptotic cascade in *Leishmania* promastigotes that is accompanied by the loss of mitochondrial membrane potential, increase in intracellular calcium and release of cytochrome c into cytosol. However, activation of caspase was not observed. Interestingly, these apoptosis related phenomena were not observed in Zn-supplemented parasites. Reduction in formazan formation in MTT assay serving as a measure of decreased cell viability due to reduced mitochondrial dehydrogenase activity itself indicates mitochondrial dysfunction. It is associated with a decrease in mitochondrial membrane potential, corroborated by the decreased fluorescence intensity of TPEN-treated promastigotes following TMRE staining. Further to confirm apoptosis like cell death in *L*. *donovani* we investigated DNA fragmentation analysis by cell death detection ELISA. We found significant increase in DNA fragmentation in Zn-depleted parasites compared to Zn-supplemented and untreated control parasites. Thus our observations, demonstrate that TPEN mediated Zn chelation causes apoptosis like programmed cell death in *L*. *donovani*, however sharing only some not all the classical features of eukaryotic apoptosis as seen by absence of phosphatidylserine exposure and caspase activation.

The leishmanolysin or gp63, a 60--66 kDa Zn-dependent metalloprotease abundantly expressed on the metacyclic promastigote surface; is involved in several steps of parasite-host interaction and virulence, including a protective role against the parasite degradation within macrophage phagolysosomes \[[@pone.0178800.ref022], [@pone.0178800.ref049]\]. When we investigated the effect of Zn on the parasite-macrophage interaction we found reduced interaction between THP-1-derived macrophages and Zn-depleted parasites compared to Zn-supplemented parasites as indicated by their respective association index. Similar studies in *L*. *braziliensis* and *T*. *brucei* \[[@pone.0178800.ref061]\] had also demonstrated decreased association index and subsequent reduced interaction and infection between these parasites and host macrophages when pre-treated with PHEN. Inhibition of gp63 proteolytic activity substantiated the mechanism of reduced interaction between trypanosomatid parasite and host macrophage \[[@pone.0178800.ref022]\]. In our study the reduced interaction between promastigote and macrophage may also be attributed to Zn-chelation induced inhibition of Zn-metalloprotease gp63 proteolytic activity that is required for successful interaction and subsequent infection.

Thus, our study showed the importance of availability of Zn for the survival and proliferation of *L*. *donovani*. It emphasized about the susceptibility of *Leishmania* promastigotes to intracellular Zn deprivation and disturbance in the intracellular Zn homeostasis results into the death of *L*. *donovani* parasite. *Leishmania* growth depends on a constant intake of Zn and leishmanial Zn depletion increases the synthesis of harmful reactive oxygen species.

From the findings of this study it can be concluded that intracellular zinc homeostasis has crucial role in the growth, survival and virulence of *Leishmania* parasites. Disruption in zinc homeostasis results into apoptosis-like cell death. Our study is the first report elucidating the role of intracellular zinc in the cell survival and apoptosis in *L*. *donovani* promastigotes. The molecular mechanism for Zn regulated apoptosis-like cell death involves ROS-mediated caspase independent mitochondrial dysfunction through influx of intracellular calcium leading to depolarization of mitochondrial membrane potential with cytosolic cytochrome c release and subsequent DNA degradation. Thus, regulation of Zn homeostasis and Zn acquisition can be explored as new therapeutic targets for the development of new generation antileishmanial drugs.
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